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Reelin signaling is essential for correct development of the mammalian brain. Reelin binds to apolipoprotein E receptor 2 and very
low-density lipoprotein receptor and induces phosphorylation of Dab1. However, when and where these reactions occur is essentially
unknown, and the primary function(s) of Reelin remain unclear.
Here, we used alkaline phosphatase fusion of the receptor-binding region of Reelin to quantitatively investigate the localization of
functional Reelin receptors (i.e., those on the plasma membrane as mature forms) in the developing brain. In the wild-type cerebral
cortex, they aremainly present in the intermediate and subventricular zones, as well as in radial fibers, butmuch less in the cell bodies of
the cortical plate. Functional Reelin receptors are much more abundant in the Reelin-deficient cortical plate, indicating that Reelin
induces their downregulation and that it begins before the neurons migrate out of the intermediate zone. In the wild-type cerebellum,
functional Reelin receptors are mainly present in the cerebellar ventricular zone but scarcely expressed by Purkinje cells that have
migrated out of it. It is thus strongly suggested that Reelin exerts critical actions on migrating projection neurons at their early/premi-
gratory stages en route to their final destinations, in the developing cerebral cortex and cerebellum.
Introduction
Reelin is a secreted glycoprotein essential for brain development
(D’Arcangelo et al., 1995).When Reelin is deficient, migration of
many projection neurons such as pyramidal neurons in cerebral
cortex and Purkinje cells in cerebellum become aberrant, and
they eventually reside in abnormal positions (for review, see Tissir
and Goffinet, 2003). Reelin is highly expressed near where those
neurons target and/or stop: themarginal zone (MZ) in the devel-
oping cerebral cortex (D’Arcangelo et al., 1995; Ogawa et al.,
1995), and the nuclear transitory zone (NTZ) and the external
granular layer (EGL) in the developing cerebellum (Miyata et al.,
1996). Proposed functions of Reelin include stop, detach, per-
missive, attractive, and branch-inducing signals, but none of
these alone can explain all the phenotypes observed in the Reelin-
deficient mouse, reeler (Tissir and Goffinet, 2003; Soriano and
Del Río, 2005; Luque, 2007; Cooper, 2008). Reelin binds to apo-
lipoprotein E receptor 2 (ApoER2) and very-low-density lipopro-
tein receptor (VLDLR) (D’Arcangelo et al., 1999; Hiesberger et al.,
1999) and then induces tyrosil phosphorylation of an intracellular
protein, Dab1 (Howell et al., 1999). Dab1 is then ubiquitinated
and degraded, which is necessary for correct layer formation in
the forebrain (Feng et al., 2007). Importantly, when and where
these reactions occur has not been fully elucidated because the pre-
cise localization of “functional Reelin receptors” (FRRs) (the re-
ceptors on the plasma membrane as fully mature form) is not
known, because ApoER2 and VLDLR undergo regulated and
complicated intracellular trafficking (D’Arcangelo et al., 1999;
Morimura et al., 2005; Hoe et al., 2008) (for review, see Stolt and
Bock, 2006).
Generally, it is not easy to ascertain the localization and total
amount of functional receptors to a certain ligand. RNA in situ
hybridization can be highly specific and sensitive, but it provides
no information on the subcellular localization of the protein and
may not even reflect the amount of mature protein. Immunohis-
tochemical analysis is often complicated by the cross-reactivity of
the antibody with other proteins and degraded products. Most
importantly, when there is more than one receptormolecule per-
forming similar functions, these techniques do not allow ascer-
tainment of their “total” amounts because the intensity of the
signals derived from different probes or antibodies cannot be
quantitatively compared or accumulated. In the case of Reelin
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receptors, the genetic evidence suggests that ApoER2 andVLDLR
function mostly in a redundant manner (Trommsdorff et al.,
1999), although each of them may have its own specific roles
(Benhayon et al., 2003; Hack et al., 2007). Furthermore, ApoER2
binds to Reelin more strongly than VLDLR (Andersen et al.,
2003), further complicating the interpretation.
Utilization of the alkaline phosphatase (AP)-fusion probe is a
sensitive and easy method for quantifying protein–protein inter-
actions in the extracellularmilieu (Flanagan et al., 2000). Here we
used AP fusion of the receptor-binding unit of Reelin to quanti-
tatively localize the total amount of FRRs in the developing brains
of wild-type andmutantmice, showing that regulated expression
and downregulation of FRRs underlie migration of both cortical
and cerebellar projection neurons, particularly at their early/
premigratory stages.
Materials andMethods
Animal care. All of the experimental protocols were approved by the
Animal Care and Use Committee of Nagoya City University or by that of
the University Miguel Hernandez and were performed according to the
guidelines of the National Institutes of Health of Japan or of Spain, respec-
tively. Jcl:ICR mice were obtained from Charles River Japan. The reeler
mouse (B6C3Fe-a/a-Reln/rl/) was purchased from The Jackson Labora-
tory. The yotari mouse was described previously (Sheldon et al., 1997). The
ApoER2-deficient (B6;129S6–Lrp8tm1Her/J) and VLDLR-deficient (B6;
129S7–Vldlr tm1Her/J) mice (Trommsdorff et al., 1999) were generous gifts
from J. Nimpf (Medical Universtiy of Vienna, Vienna, Austria).
Vector construction. Expression vectors for AP fusion of Reelin were
constructed on pAPtag-5 (GenHunter) (Flanagan et al., 2000). The Ree-
lin repeat (RR) was defined according to the computerized alignment
(Ichihara et al., 2001). The Reelin cDNA construct, pCrl (D’Arcangelo et
al., 1997), was used as a template for PCR amplification. For construction
of the expression vector for AP fusion of the central fragment of Reelin,
the DNA fragment encoding the N-terminal half of the third RR (RR3)
was amplified by PCRwith primers CCAGTCGACACTAGTACTTTGC-
CCCAGAACTTCTATG and GGTCTAGAATTCACTCCTATAAGGA-
CATC (recognition sites for SalI andXbaI are underlined). The amplified
product was digested with SalI and XbaI and subcloned into pAPtag-5
(pAP–RR3A). Separately, theDNA fragment encoding from theC-terminal
half of RR3 to the C terminus of RR6 was amplified by PCRwith primers
CTTGGCCTGAAGTGTACG andCCTCTAGAGCCCGAGATGAGGA-
CATTG (XbaI site is underlined), and the amplified product was then
subcloned into pCrl digested with BspEI and XbaI. This vector was di-
gested with XbaI, and subsequently a linker DNA encoding the FLAG
epitope (DYKDDDDK) and a stop codon was inserted. This vector thus
encodes a truncated Reelin protein that terminates at the end of RR6,
with FLAG epitope on its C terminus. Finally, the AgeI/XbaI fragment
was excised from this vector and subcloned into pAP–RR3A digested
with the same enzymes, to generate the expression vector for AP–RR36.
Methods for other AP-fusion expression vectors will be supplied on re-
quest. All sequences of the expression vectors were verified by DNA
sequencing. Expression plasmids for ApoER2 (Nakano et al., 2007),
VLDLR, and Dab1 (Morimura et al., 2005) were described previously.
Cell culture, transfection, and validation of AP-fusion probe.COS-7 and
human embryonic kidney (HEK) 293T cells were grown in DMEM
(Sigma) containing 10% fetal calf serum (Equitech-Bio) and penicillin
(5000 U/ml)/streptomycin (5 g/ml) (Invitrogen). Transfection was
performed using Lipofectamine 2000 (Invitrogen) according to the in-
structions of the manufacturer. AP-fusion proteins were expressed in
HEK293T cells. The supernatantswere collected 2–3 d later, filtrated, and
supplemented with sodium azide (0.1% final), except for Dab1 phos-
phorylation assay. The absolute concentration of AP was determined as
described previously (Flanagan et al., 2000). Preparation of Reelin-
containing culture supernatant, SDS-PAGE, and Western blotting were
performed as described previously (Nakano et al., 2007). For quantitative
measurement of AP–RR36 binding to COS-7 cells (see Fig. 1P) or to
primary cultured cortical neurons from reelermice (supplemental Fig. 6,
available at www.jneurosci.org as supplemental material), cells were pre-
treated as indicated in the figure legends and then incubated with AP–
RR36 or control AP, washed, and heat inactivated as described above.
They were then incubated with AP coloring buffer [3.4 mg/ml Sigma
phosphatase substrate (4-nitrophenyl phosphate disodium salt hexahy-
drate), 1 M diethanolamine, pH 9.5, and 0.5 mM MgCl2] for 20 min at
room temperature. The reaction was stopped by adding 500 mM EDTA,
andOD405 wasmeasured. The values of control APwere subtracted from
those of AP–RR36.
AP in situ analyses. The whole procedures were performed essentially
as described previously (Flanagan et al., 2000). Embryonic forebrain and
postnatal cerebellum were cut with a VT1000S vibratome (Leica Micro-
systems) into 200munfixed sections. Embryonic cerebellumwas sliced
manually. The transfected COS-7 cells or the unfixed sections were in-
cubated with AP–RR36 or control AP supernatants for 1 h at room
temperature, washed six times for 5 min each with HBAH buffer
[HBSS containing 0.5mg/ml bovine serum albumin, 0.1% (w/v) sodium
azide, and 20mMHEPES], and fixed with acetone/formaldehyde fixative
for 2 min. The samples were washed twice with HEPES-buffered saline
(in mM: 150 NaCl and 20 HEPES, pH 7.0), heated for 1 h at 65°C to
inactivate endogenous AP, andwashedwith AP buffer (inmM: 100NaCl,
5 MgCl2, and 100 Tris, pH 9.5). Cells or sections were stained for 2–4 h
with 0.17 mg/ml 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) and
0.33 mg/ml nitro blue tetrazolium (NBT) in AP buffer at room temper-
ature. Immunostainings were performed before BCIP/NBT staining.
Pictures were takenwith a SZ-X7 stereoscopicmicroscope, an IX51-FL-S
microscope (Olympus), a VB-6000/6010 digital microscope camera, or a
BZ-9000 (Keyence).
Expression and purification of glutathione S-transferase fusion receptor-
associated protein. Receptor-associated protein (RAP) is a common
ligand for the low-density lipoprotein (LDL) receptor family and
blocks the interaction between Reelin and ApoER2 or VLDLR (Herz
et al., 1991, Andersen et al., 2003). For construction of the glutathione
S-transferase (GST)–RAP expression vector, a DNA fragment encoding
RAP was amplified by PCR with primers CCGAATTCTACTCGCGA-
GAGAAGAACGAGC and CCCTCGAGTCACCGAGCCCTTGAGACC-
CTGC (recognition sites forEcoRI andXhoI are underlined, respectively)
with the mouse embryonic cDNA as a template. The amplified product
was cloned into pGEX-4T-1 (GE Healthcare). All sequences of the ex-
pression vectors were verified by DNA sequencing. The Escherichia coli
strain BL21 Codon Plus (Stratagene), which had been transformed with
GST–RAP or control GST expression vector, was grown in Luria broth
medium with 0.1 mg/ml ampicillin at 37°C, and protein expression was
induced by the addition of isopropyl--D-thiogalactopyranoside (0.1
mM final). Cells were incubated an additional 3 h and harvested by cen-
trifugation. Cells were then resuspended in sonication buffer (20 mM
Tris, pH 8.0, 100 mM NaCl, 2 mM EDTA, 0.1% Triton X-100, and 1 mM
-mercaptoethanol) and sonicated with a Branson Sonifier 250. The
lysates were centrifuged, and the supernatant was collected. GST–RAP or
controlGSTproteinwas purifiedwithGlutathione Sepharose 4 Fast Flow
(GE Healthcare) according to the instructions of the manufacturer but
without detergent. The proteins were dialyzed against DMEM, and the
protein concentration was determined by Quick Start Bradford Protein
Assay kit (Bio-Rad).
Immunohistochemistry.Mouse brains at various developmental stages
were immersion fixed overnight in 4% paraformaldehyde at 4°C, cryo-
protected in a series of sucrose solutions (20–30%) in PBS at 4°C. The
brains were then embedded in Tissue-Tek OCT compound (Sakura Fi-
netechnical) and sectioned at 14–16 m using the cryostat (CM 1850;
Leica). Sections were blocked with 5% normal goat serum in Tris-
buffered saline with 0.05% Tween 20 overnight at 4°C, incubated with
the indicated primary antibody for 5–6 h at room temperature or
overnight at 4°C, washed four times with Tris-buffered saline with
0.05% Tween 20, and incubated with secondary antibody for 2 h at
room temperature. Hoechst33342 (2 g/ml; Invitrogen) was used for
nuclear staining. Samples were examined with IX51-FL-S or BZ-9000
microscopes.
Antibodies. The following primary antibodies were purchased and di-
luted as indicated: rabbit anti-AP serum (1:4000; BioMedTek), mouse
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anti-phosphotyrosine antibody 4G10 (1:1500; Upstate Biotechnology),
rabbit anti-calretinin (1:1000; Millipore Bioscience Research Reagents),
mouse anti-calbindin D-28K (1:1500; Sigma), and mouse anti-MAP2
(1:400; Sigma). The following secondary antibodies were used: peroxidase-
conjugated anti-rabbit IgG, peroxidase-conjugated anti-mouse IgG (GE
Healthcare), Alexa 488-conjugated anti-mouse IgG, Alexa 488-conjugated
anti-rabbit IgG, and Alexa 594-conjugated anti-rabbit IgG (1:400; all
from Invitrogen). Anti-RR5 antibody R5A (Jossin et al., 2007) was kindly
provided by Dr. Goffinet (Catholic University of Leuven, Brussels,
Belgium).
Anti-Dab1 was obtained as follows. Recombinant Dab1 protein, ex-
pressed in E. coli as GST-fusion protein, was purified using glutathione
Sepharose and then released from GST by digesting with thrombin pro-
tease (GE Healthcare). This protein was used to immunize rabbits, and
antiserum was recovered by Medical and Biological Laboratories.
RNA in situ hybridization. The sections were washed with PBS, post-
fixed with 4% paraformaldehyde, and treated with proteinase K. The
sections were then prehybridized with hybridization buffer (50% form-
amide, 10% dextran sulfate, 0.1 mg/ml denatured salmon sperm DNA,
0.2 mg/ml SDS, and 2 SSC) for 15 min at 65°C and hybridized with an
RNA probe in hybridization buffer overnight at 70°C. After hybridiza-
tion, the sections were washed with 5 SSC, 0.1 SSC and then incu-
batedwith 2%bovine serumalbumin inNTbuffer (inmM: 100Tris, pH7.5,
and 150 NaCl). Thereafter, they were incubated with anti-digoxygenin–AP
antibody (Roche Diagnostics), washed, and developed with BCIP/NBT.
The probes used were as follows: nucleotides 10,039-10,668 (630 bp) for
Reelin, nucleotides 1140-1906 (767 bp) for ApoER2, and nucleotides
460-1138 (679 bp) for VLDLR. These fragments were cloned into pBlue-
script II SK() (Stratagene), and digoxygenin-labeled RNA probes were
prepared using a labeling kit (Roche Diagnostics) according to the pro-
tocol of the manufacturer.
Results
Validation of AP–Reelin fusion protein
The central fragment of Reelin (RR3 to RR6) is generated in vivo
(Lambert de Rouvroit et al., 1999) and can bind to ApoER2 and
VLDLR (Jossin et al., 2004). We fused the coding region for this
fragment to that of heat- and fixation-resistant human placental
AP (Flanagan et al., 2000) and expressed the resulting fusion
protein in HEK293T cells (AP-RR36) (Fig. 1A). This protein was
detected in the conditioned medium as a major band of 240
kDa by immunoblotting with anti-AP antibody, consistent with
the combined size of the central fragment and AP (Fig. 1B, lane
2). The fusion protein consisting of the minimum receptor-
binding unit of Reelin (RR5 to RR6) (Yasui et al., 2007) with AP
was not effectively secreted from transfectedHEK293T cells (data
not shown) and thus was not used in the present study.
When the culture medium containing AP–RR36 and sodium
azide (to block endocytosis) was applied to untransfected COS-7
cells that express neither ApoER2 nor VLDLR, no AP activity was
detected (Fig. 1F). Conversely, COS-7 cells expressing either
ApoER2 or VLDLR were clearly stained by AP–RR36 (Fig. 1G,H,
respectively). Control AP alone bound to none of these cells (Fig.
1C–E). Cells expressing ApoER2 (Fig. 1G,J) always gave stronger
signals than those expressing VLDLR (Fig. 1H,K) in AP–RR36
staining, which is reasonable because ApoER2 has much higher
affinity to Reelin than VLDLR (Andersen et al., 2003). Addition
of an excess amount of GST–RAP, which inhibits binding of
Reelin toApoER2orVLDLR (Hiesberger et al., 1999), completely
abolished this staining (Fig. 1M,N). Coexpression of Dab1, which
increases the surface amount of Reelin receptors (Morimura et al.,
2005; Hoe et al., 2008), augmented this staining (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
These results indicate that AP–RR36 can specifically and quanti-
tatively detect FRR.
We next asked whether AP–RR36 could dismiss the prebound
Reelin from the receptor. For this purpose, both AP–RR36 and
Reelin were prepared from transfected HEK293T cells, and
their amount was investigated with the antibody recognizing
RR5 (Jossin et al., 2004). As shown in Figure 1O, the concentra-
tion of Reelin in this preparation was 0.5 nM. COS-7 cells ex-
pressing ApoER2 or VLDLRwere first incubated with the control
medium or the one containing Reelin and then with AP–RR36
(7.2 nM). Preincubation with Reelin did not decrease the binding
of AP–RR36 (Fig. 1P). It was thus strongly suggested that excess
amount of AP–RR36 can dismiss the prebound Reelin from the
receptors. We further compared the signaling capacity of AP–
RR36with that of Reelin. AP–RR36 (0.5 nM) inducedDab1 phos-
phorylation (Fig. 1Q, lane 3), but it was less potent than Reelin at
the same concentration (Fig. 1Q, lane 5). Thus, AP–RR36 can
activate the downstream signaling of Reelin, but its activity was
lower than full-length Reelin. This was consistent with our pre-
vious report that the C-terminal region of Reelin, which is
lacking in AP–RR36, is necessary for full signaling activity of
Reelin (Nakano et al., 2007). AP–RR36 at high concentration (1.6
nM) induced Dab1 phosphorylation as strongly as 0.5 nM Reelin.
Serial and combinatorial applications of AP–RR36 and Reelin
induced comparable level of Dab1 phosphorylation, suggesting
that they activate the same receptor machinery (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material).
FRRs in developing cerebral cortex
At embryonic day 15.5 (E15.5), AP–RR36 stained most of the
cortical wall (Fig. 2A), whereas control AP gave virtually no sig-
nal (Fig. 2C). The possibility that AP–RR36 bound to a molecule
other than lipoprotein receptors was ruled out because the stain-
ingwas abolished by addition ofGST–RAP (Fig. 2D). The darkest
staining was observed around the subventricular (SVZ) and in-
termediate (IZ) zones, respectively (Fig. 2B). The area around the
ventricular zone (VZ) was also faintly stained. The area closer to
the surface, probably the cortical plate (CP), was not obviously
stained by AP–RR36. However, quite interestingly, a strong sig-
nal was observed in radial fibers perpendicular to the ventricular
and pial surfaces (Fig. 2B). They may be either the radial glial
fibers extending from the VZ or the leading processes of premi-
gratory neurons, both of which have been proposed to be direct
targets of Reelin (Hartfuss et al., 2003; Luque et al., 2003; Luque,
2007). We confirmed that AP–RR36 can dismiss Reelin from
endogenously expressed FRR. Brain slices were treated with so-
dium azide, incubated with full-length Reelin (0.5 nM), and then
stained with AP–RR36. Pretreatment with Reelin did not signif-
icantly affect the staining signals (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material).
Because it was unexpected that the expression of FRRs would
be barely detectable in the CP except for the radial fibers, we
compared this staining pattern with expressions of Reelin,
ApoER2, and VLDLR. At this stage, Reelin mRNA was expressed
strongly in the MZ and weakly around the SVZ and IZ, as was
reported previously (Fig. 2E,H) (Yoshida et al., 2006). ApoER2
mRNAwas expressedmainly in the VZ/SVZ/IZ andweakly in the
CP (Fig. 2F, I). These results are consistent with previous reports
(Trommsdorff et al., 1999; Luque et al., 2003) and those found in
public databases (http://www.genepaint.org). Conversely, VLDLR
mRNA was mainly expressed in the CP (Fig. 2G,J). Therefore, it
was strongly suggested that the strong AP–RR36 staining seen
around the VZ/SVZ/IZ is attributablemostly to ApoER2. Indeed,
most of the signal was abolished in the ApoER2-deficient cortical
wall, whereas it remained virtually same in the VLDLR-deficient
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one (supplemental Fig. 4, available at www.jneurosci.org as sup-
plemental material). It is of note that the diffuse expression of
Reelin mRNA around the SVZ and IZ (Fig. 2E,H, arrowheads)
(Yoshida et al., 2006) appeared to delineate the zone in which
FRRs stop being abundantly expressed.
We next investigated FRR expression in other developmental
stages. In addition, to more precisely assess the zone expressing
FRRs, we performed immunohistochemical analysis in combina-
tion with AP–RR36 staining. We found that the zone lacking
strong staining expressed MAP2 (CP marker) at E15.5 (Fig.
3B,C). This was even more apparent at E17.5 (Fig. 3F,G). At
E13.5, FRRswere rather uniformly expressed throughout the cor-
tical wall except the MZ and deep VZ (Fig. 3A). Importantly,
Dab1 protein was mainly present in the SVZ/IZ and fibers of the
Figure1. Construction of AP–RR36 and its ability to specifically detect FRRs.A, Schematic diagramof Reelin protein (top), control AP (middle), andAP–RR36 (bottom). Two sites that are cleaved
in vivo by an unknownmetalloprotease andminimum receptor-binding unit are shown in the top.B,Western blotting (WB) analysis. Culture supernatants containing either AP (lane 1) or AP–RR36
(lane2)were separatedbySDS-PAGEandproteinswere transferred to apolyvinylidenedifluoridemembrane. Themembranewas then incubatedwith anti-APantibody, followedby incubationwith
HRP-conjugated secondary antibody and detection with a chemiluminescence kit. Positions of molecular weight markers are shown on the right in kilodaltons. C–N, AP–RR36 specifically binds to
Reelin receptors. COS-7 cells were transfected with control vector (C, F, I, L), ApoER2 expression vector (D,G, J,M ), or VLDLR expression vector (E,H, K,N ). Two days later, the cells were incubated
with control AP (C–E), AP–RR36 (F–H ), AP–RR36 mixed with GST protein (I–K ), or AP–RR36 mixed with GST–RAP (L–N ). Cells expressing ApoER2 or VLDLR were stained with AP–RR36 (G, H,
respectively). This stainingwas not affected by addition of GST protein (J,K ) butwas virtually abolishedby coincubationwithGST–RAP (M,N ).O, Estimation of Reelin concentration. AP–RR36 (lane
1, 1.6nMas calculated fromAP-activity assay) (Flanaganet al., 2000) andReelin (lane2)wereanalyzedbyWesternblot usingR5Aantibodyasdescribedabove.P, COS-7 cells expressingApoER2 (left)
or VLDLR (right)were incubatedwith culturemedium frommock-transfected (whitebars) or Reelin-transfected (graybars) cells in thepresenceof sodiumazide for 20min. Theywere then incubated
withAP–RR36, and theamountof its bindingwasquantitatedasdescribed inMaterials andMethods (n3).Q, AP–RR36 inducesphosphorylationofDab1. Primary cortical neuronswere incubated
with the samples indicated above the lanes for 20min at 37°C, andDab1phosphorylationwasmeasured as described previously (Nakano et al., 2007). PY, Phosphotyrosine. Scale bar (in C): C–N, 100m.
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CP (Fig. 3D) at E15.5, consistent with a previous observation
(Howell et al., 1999; Luque et al., 2003). Together, these observa-
tions confirmed that cells in the CP, other than radial fibers, do
not express abundant FRRs.
FRRs are more abundant in the cortical walls of reeler mice
There are two possible explanations for why neurons in the CP
were not strongly stained by AP–RR36. In the first scenario,
translation,maturation, or trafficking of Reelin receptors are reg-
ulated so that they are only expressed on cell surfaces while they
are in the SVZ and IZ, and they are downregulated before new-
born neurons migrate into the CP, regardless of the presence of
Reelin. In the second case, the Reelin receptors are downregu-
lated by Reelin binding, because Reelin is strongly expressed in
the MZ and diffusely around the IZ (Fig. 2E,H) and Reelin acti-
vates the endocytosis of Reelin receptors (D’Arcangelo et al.,
Figure 2. Localization of FRRs in the developing mouse cerebral cortex. A, B, E15.5 mouse brains were cut coronally and stained with AP–RR36. A magnified view of the area surrounded by a
broken line inA is shown inB. Red andwhite bars inB indicate the region corresponding to the CP and IZ/SVZ, respectively. C, The brain slice from the samemouse as inAwas stained by control AP.
D, The staining by AP–RR36 is abolished in the presence of GST–RAP. Slices from an E15.5 mouse brain were stained with AP–RR36 in the presence of control GST (left) or GST–RAP (right). E–J,
LocalizationofmRNA in the E15.5 cerebral cortex. Coronal (E–G) or sagittal (H–J ) sliceswerehybridizedwith antisenseprobes for Reelin (E,H ), ApoER2 (F, I ), or VLDLR (G, J ). Note thediffuseReelin
mRNA signal around the SVZ and IZ (arrowheads in E,H ).Most of the ApoER2mRNA is localized in the VZ/SVZ/IZ (F, I ), whereas the VLDLRmRNA ismore abundantly expressed in the CP (G, J ). Scale
bars: A–D, E (for E–G), and H (for H–J ), 200m.
Figure 3. Comparison of the localization of FRRs with those of MAP2 and Dab1. A, E13.5mouse brains were cut coronally and stainedwith AP–RR36.B, C, E15.5mouse brain slices were stained
with AP–RR36 (B) or with anti-MAP2 (C). D, E, Frozen brain sections (14m) were immunostained with anti-Dab1 (D) or with control rabbit antibodies (E). F, G, E17.5 mouse brain slices were
stained with AP–RR36 (F ) or with anti-MAP2 (G). Scale bars: A, B (for B–E), and F (for F, G), 100m.
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1999; Morimura et al., 2005). To clarify this point, we investi-
gated the amount and localization of FRRs in reeler and yotari
mice, in which Reelin or Dab1 is deficient, respectively. Because
reeler and yotari mice show almost indistinguishable phenotypes
in the cerebral cortex, if the staining pattern differs between
them, then the difference should be attributable to the deficiency
of each gene rather than to abnormal architecture.
In the cortical wall of E15.5 reeler mouse, AP–RR36 staining
gave strong signals even in the region close to MZ (Fig. 4B). In
addition, the overall staining was much stronger than in the con-
trol [reeler heterozygous (rl/)] slices (Fig. 4A). Similar results
were obtained when cortical slices from E17.5 (Fig. 4E,F) or
postnatal day 0 (P0) (Fig. 4 I, J) mice were used. These results
suggest that FRRs persist on theCPneurons in reeler because they
never encounter Reelin. The staining patterns were much less
different between yotari and its heterozygous littermate (Fig.
4C,D for E15.5, G,H for E17.5, and K,L for P0). Because yotari
has a full complement of Reelin, these results indicated that the
AP–RR36 staining in wild-type versus reeler mice reflects the in
vivo situation of FRRs rather than a differential occupancy of the
receptors by the endogenous Reelin. Incidentally, the amount
and localization of mRNA for both ApoER2 and VLDLR did not
differ significantly between the reeler and control cortex (supple-
mental Fig. 5, available at www.jneurosci.org as supplemental
material). We also confirmed that Reelin downregulates FRRs in
neurons. Primary cultured cortical neurons were prepared from
reeler mice and incubated with exogenous Reelin, followed by
quantitative measurement of AP–RR36 binding (supplemental
Fig. 6, available at www.jneurosci.org as supplemental material).
FRR is downregulated by 70% in 24 h, indicating that Reelin
indeed induces downregulation of FRRs. These observations thus
indicate FRRs to be downregulated after Reelin binding and,
more importantly, that this downregulation occurs before the
neurons migrate into the CP.
FRRs in the developing cerebellum of wild-type and
reeler mice
Reelin is indispensable for correct cerebellar formation, but its
exact function at the molecular level is not fully understood.
The expression patterns of Reelin and Dab1 are quite complex
(Miyata et al., 1996; Rice et al., 1998; Perez-Garcia et al., 2004),
and the cells and/or events regulated directly by Reelin signaling
remain obscure. We thus tried to identify FRR localization by
staining the developing cerebellum with AP–RR36. Because our
Figure 4. FRRs are increased in the cerebral cortex of reeler mouse but less in that of the yotari mouse. Brain slices from E15.5 (A–D), E17.5 (E–H ), and P0 (I–L) reeler mice (rl/rl; B,
F, J ) or heterozygote littermates (rl/; A, E, I ), and yotari mice (yot/yot; D, H, L) or heterozygote littermates (C, G, K ) were stained with AP–RR36. Scale bars: A (for A–D), E (for E–H ),
and I (for I–L), 100m.
10658 • J. Neurosci., August 26, 2009 • 29(34):10653–10662 Uchida et al. • Reelin Targets Early/Premigratory Stage Neurons
results for the cerebral cortex indicated downregulation of FRRs
byReelin to play an important role, we compared FRR expression
between the reeler and normal cerebellum. At E15.5 in the rl/
cerebellum, the cells in the cerebellar ventricular zone (CVZ),
which produces Purkinje cells, were most densely stained (Fig.
5A, arrowheads), and the region around the deep cerebellar nu-
clei (DCN) was moderately stained (Fig. 5A, asterisk). The NTZ
(Fig. 5A, n) and the rostral rhombic lip migratory stream (RLS)
(Fig. 5A, r) were not stained (Fig. 5A). In the reeler cerebellum,
several clusters of cells showed strong staining, and these cells
were intermingled with other clusters that did not express FRRs
(Fig. 5B). RLSwas not stained in the reeler cerebellum (Fig. 5B, r),
too, indicating that the absence of RLS staining in the rl/ cere-
bellum is independent of the presence of Reelin. At E17.5 in the
rl/ cerebellum, FRR expression became rather restricted: the
cells around the CVZ (Fig. 5C, arrowheads) and DCN (Fig. 5C,
asterisk) were strongly stained by AP–RR36, whereas the rest of
the cerebellum was only very faintly stained. Interestingly, Pur-
kinje cells that begin aligning beneath the EGL (Fig. 5C,E, dots)
did not express FRRs. It should be mentioned that, unlike in the
cerebral cortex, no fibrous structure was obvious in the develop-
ing cerebellum. In the E17.5 reeler cerebellum, most of the cells
were stained by AP–RR36, but there were some regions showing
less staining, such as the RLS and NTZ (Fig. 5D). In the cerebel-
lum of the P0 rl/mouse, cells in the CVZwere strongly stained,
whereas those of the DCN showed weak staining (Fig. 5G, arrow-
heads and asterisk, respectively). Conversely, in the cerebellumof
the P0 reeler mouse, the cells expressing FRRs formed large ag-
gregates (Fig. 5H, arrows) and tended to segregate from those
expressing no or little FRRs. Some, but not all, of the cells in the
aggregates were Purkinje cells, as revealed by calbindin immuno-
staining (Fig. 5F). Calbindin-positive and FRR-positive cells also
partially overlap in the yotari cerebellum at P0 (supplemental Fig.
7, available at www.jneurosci.org as supplemental material).
These observations indicate that, in control mice, most Purkinje
cells express FRRs only for a short period of time after they start
migration in or around the CVZ and that FRRs are downregu-
lated by virtue of Reelin before they begin aligning. In the absence
of Reelin,most Purkinje cells fail to downregulate FRRs and form
aggregates.
Whether or not Reelin signaling plays a role in postnatal de-
velopment of the cerebellum is essentially unknown, although
Reelin, ApoER2, VLDLR, and Dab1 are all highly expressed
(Miyata et al., 1996; Rice et al., 1998; Darmanto et al., 2000;
Perez-Garcia et al., 2004). Staining of P3 control cerebellum re-
vealed that the DCN and internal granular layer (IGL) expressed
FRR abundantly (Fig. 6A,B). Interestingly, mRNAs for ApoER2
and VLDLR were expressed mainly in the IGL and in Purkinje
cells, respectively (Fig. 6C,E). In the P3 reeler cerebellum, several
cells and clusters expressed FRRs (Fig. 6G). We found that most
of the calretinin-positive cells, which probably include the DCN
and unipolar brush cells (Ilijic et al., 2005; Fink et al., 2006), are
FRR negative (Fig. 6G,H, arrowhead and asterisk). Calbindin-
positive Purkinje cells, in turn, express FRR (Fig. 6 I). Cells in the
Figure 5. Localization of FRRs in the developing cerebellum of control and reeler mice.
Sagittal slices from rl/ (A, C, G) or reeler (B, D,H ) mice at E15.5 (A, B), E17.5 (C, D), or P0 (G,
H )were stainedwith AP–RR36. The arrowheads and asterisk indicate the CVZ andDCN, respec-
tively. n, r, and egl indicate NTZ, RLS, and EGL, respectively. E, The slice shown in Cwas stained
withHoechst33342. Thedotted line inC andE indicates thepositionof Purkinje cells.F, The slice
shown in H was stained with anti-calbindin; arrows in F and H indicate clusters with high
amounts of FRRs. Scale bars: in A (for A, B), C (for C–E), and G (for F–H ), 200m.
Figure 6. Localization of FRR in the postnatal cerebellum.A,B, P3 cerebellar slice from rl/
mouse stained with AP–RR36. C, D, RNA in situ hybridization for ApoER2. E, F, RNA in situ
hybridization for VLDLR. B, D, and F are magnified views of A, C, and E, respectively. G–J, P3
cerebellar slices from reeler mouse stained with AP-RR36 (G), anti-calretinin (H ), or anti-
calbindin (I ). J, A merged image ofH, I, and Hoechst33342 staining (blue). Scale bars: A (for A,
G–J ), B, C (for C, E), and D (for D, F ), 200m.
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EGL expressed little FRR in either the control or the reeler cere-
bellum (Fig. 6A,G). These results indicate that FRR downregula-
tion in postnatal Purkinje cells under normal conditions is at least
partly dependent on Reelin and that DCN continues to be the
primary Reelin target in the postnatal period.
Discussion
Themain findings of this work can be summarized as follows: (1)
in the developing cerebral cortex, cells in the SVZ and IZ are
competent to receive Reelin; (2) FRR downregulation occurs af-
ter binding to Reelin in vivo, resulting in the neuronal cell bodies
in the CP having little FRRs; (3) FRR and Dab1 protein are
present in fiber-like structures of the CP, supporting the idea that
Reelin directly affects the radial glial fibers and/or the leading
processes of premigratory or migrating projection neurons; (4)
not only Purkinje cells but also other types of cells express FRRs in
the embryonic cerebellum; (5) in the developing cerebellum,
FRRs are downregulated after they bind to Reelin in most Pur-
kinje cells, which occurs as soon as they migrate out of the CVZ.
AP–RR36 as a reliable probe for in situ detection and
quantification of FRRs
AP-fusion probes have been extensively used to quantitatively
locate binding molecules in the extracellular milieu (Flanagan et
al., 2000). The probe we devised to investigate the expression of
FRRs, AP–RR36, includes the central fragment of Reelin, which is
generated in vivo, efficiently secreted from cultured cells, stable
(up to 6 months at 4°C), and specifically binds to ApoER2 and
VLDLR (Fig. 1). Importantly, all the signals identified in brain
slices using AP–RR36 are abolished by an excess amount of
GST–RAP (Fig. 2D), a common ligand for the LDL receptor
family. Among the family, ApoER2 and VLDLR are the only
members that are known to bind Reelin. LDL receptor is struc-
turally similar to ApoER2 and VLDLR but does not bind Reelin
(D’Arcangelo et al., 1999; Jossin et al., 2004). Other members of
the family have rather different structures. Therefore, it is reason-
able to conclude that AP–RR36 specifically detects the total
amount of ApoER2 plus VLDLR in the developing brain. Unfor-
tunately, AP–RR36 stains neither fixed tissue nor frozen sections
(data not shown), and it requires heat treatment of the samples.
Therefore, not all antibodies are compatiblewithAP–RR36 stain-
ing, making identification of the cells and/or structures in the
slices difficult.
FRR expression and the site of Reelin action in the
cerebral cortex
Despite intensive research, the primary role of Reelin during cor-
ticogenesis remains a matter of debate. The original finding that
Reelin is exclusively expressed in the MZ (D’Arcangelo et al.,
1995; Ogawa et al., 1995) generated many models stressing the
importance of Reelin function at the end of migration of each
neuron (Tissir and Goffinet, 2003; Soriano and Del Río, 2005;
Cooper, 2008).Our results, however, indicate that, in the cerebral
cortex, FRRs are present in radially migratory neurons in the
SVZ/IZ and/or in their processes (Fig. 7A). The newborn neurons
encounter Reelin before or around the time of passage through
the IZ and, importantly, downregulate FRR. By the time they
enter the CP, they have few FRRs. The expression pattern ofDab1
protein (Fig. 3D) (Rice et al., 1998) and the fact that Dab1 is
phosphorylated around the VZ (Magdaleno et al., 2002) are con-
sistent with this model. Reelin may diffuse from theMZ to the IZ
and downregulate FRRs, or Reelin secreted from the IZ itself (Fig.
2E,H) may have some role, considering that massive loss of
Cajal-Retzius cells in theMZ has little impact on cortical layering
(Yoshida et al., 2006). The radial glial cells and/or intermediate
progenitor cells whose cell bodies are located in the VZ/SVZmay
have FRRs in their radial fibers, and Reelin may signal through
them. This may be important for correct differentiation or for
migration. The identification of the processes and its physiolog-
ical significance are under study in our laboratories. Finally, we
donot exclude that small amount of FRRs remaining expressed in
CP cells play a role.
FRR expression and the targets of Reelin in the cerebellum
Genetic evidence indicates that there are two main differences
between cerebral and cerebellar development with respect to
Reelin function. First, cell non-autonomous function of Dab1
(“community effect”) is apparent in cerebellar Purkinje cell
migration (Yang et al., 2002), although it does not appear very
clearly in cerebral development (Hammond et al., 2001; Olson
et al., 2006). Second, ectopic expression of Reelin in the cere-
bral VZ only partially rescues preplate splitting but not the
layering pattern in the cerebral cortex, whereas that in the
CVZ greatly alleviates Purkinje cell migration and cerebellar
foliation (Magdaleno et al., 2002). Thus, the action of Reelin
may differ fundamentally between the cerebral cortex and cer-
ebellum. It has been established that Reelin is required for correct
migration of Purkinje cells (Goffinet, 1983; Goffinet et al., 1984;
Miyata et al., 1997), but when andwhere Reelin acts on these cells
are unknown. It was demonstrated previously that Purkinje cells
are responsive toReelin even before they beginmigrating (Miyata
et al., 1997). The strong expression of FRRs in the CVZ is consis-
tent with this notion. Moreover, the absence of FRRs in Purkinje
cells that begin aligning beneath the EGL (Fig. 5) indicates that
the function of Reelin in Purkinje cell migration is fulfilled in the
early stage. This idea is also supported by observations in the
math1-mutantmouse that EGL-derivedReelin (i.e., Reelin that is
close to the “goal” region) does not play a central role in Pur-
kinje cell positioning (Jensen et al., 2002). We consider this to
be consistent with the concept that, in the cerebral cortex,
Reelin functions on premigratory neurons or neurons just
beginning to migrate. Thus, despite obvious morphogenetic dif-
ferences between cerebral cortical and cerebellar development,
our results point to a common underlying principle during de-
velopment of the cerebral cortex and cerebellum: Reelin controls
the migration of long projection neurons via regulated expres-
sion and downregulation of FRRs.
We also shown that the DCN express substantial amounts of
FRRs throughout development. DCN cells may come from the
CVZ (Altman and Bayer, 1985) and/or the RLS/NTZ (Fink et al.,
2006). Because the RLS and NTZ contain no FRRs, the FRR-
Figure 7. Proposed model of Reelin actions. For details, see Discussion. MZ, Marginal
zone; CP, cortical plate; SP, subplate; IZ, intermediate zone; SVZ, subventricular zone; VZ,
ventricular zone; PC, Purkinje cell; CVZ, cerebellar ventricular zone; EGL, external granular
layer; RL, rhombic lip.
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positive DCN cells may be derived from the CVZ. The structure
of the DCN is abnormal in the reeler cerebellum (Goffinet, 1983;
Goffinet et al., 1984). Although it is possible that this abnormality
is a secondary effect of Purkinje cell misplacement, Reelin may
have a direct effect on the formation of DCN, because they also
express Dab1 protein (Rice et al., 1998). In addition, FRRs persist
in the postnatal cerebellum (Fig. 6). Their function is unknown,
but theymay play some role in synaptic function, as they do in the
postnatal cerebral cortex (Herz and Chen, 2006).
Our results regarding the localization of FRRs in Purkinje cell
migration are summarized in Figure 7B. Purkinje cells born in the
CVZexpress FRRs, but theydownregulate FRRs relatively quickly as
they disperse and migrate toward the EGL. This downregulation
is at least partly dependent on Reelin. Reelin is expressed in the
EGL and in other areas (D’Arcangelo et al., 1995; Miyata et al.,
1996; Rice et al., 1998), the source of which is physiologically
important remains to be investigated.
Concluding remarks
Recent analyses of Reelin functions all indicate that the role(s) of
Reelin in the developing brain is far from simple. However, one
idea becoming increasingly plausible is that Reelin crucially acts
on neurons just as they begin to migrate. The precisely regulated
expression and downregulation of FRRs strongly suggests that
the primary Reelin action occurs on projection neurons at their
early/premigratory stage in both developing cerebral cortex and
cerebellum. These results point to the universal and simple action
of Reelin in the developing brain.
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